The modification of cellulose fibers by grafting specific functions could improve their quality and allow their use for the development of new products. In this work we report about the functionalization of a cellulose fiber network (filters) with organo-polysilazane oligomers by UV-irradiation. Photo-induced grafting, as assessed by contact angle and TGA measurements, was successful: an interesting enhancement of thermal resistance and mechanical properties was obtained.
Introduction
During the last decade, sustainable development of technology has gained an everincreasing interest for both fundamental and applied research, whatever the industry involved. In this context, the exploitation of vegetal biomass and of its main constituent, cellulose, plays a key-role. The modification of the fibre surface by grafting specific functions could improve their quality and allow their use for the development of new products, namely fiber reinforced composites, water purification filters, electroactive papers and any other smart object including cellulose fibers as substrate or reinforcing agent [1] .
Moreover, modifying the surface of the cellulosic fibres can lead to the improvement of their traditional use, i.e. papermaking. However, the treatment to be employed should fulfil the strict requirements of pulp and paper industry, being versatile, easy to implement and with low environmental impact.
Photo-induced grafting seems to fit with these needs and be an alternative to other methods such as surface esterification or surface plasma treatment: they are reviewed by Belgacem and Gandini [2] . In the photoinduced grafting [3] , the substrate (cellulose), a suitable monomer and a photoinitiator are irradiated with UV light under inert conditions. The photo-initiator is a hydrogen abstraction-type photoinitiator (e.g., Norrish type II), such as benzophenone or thioxanthone: it absorbs a UV photon, becomes excited to the short-lived singlet state and then relaxes to a more stable triplet state, which then abstracts a hydrogen atom from the cellulose backbone generating a polymer macro-radical. High concentrations of active species can be produced locally at the surface without altering the bulk properties of the polymer. At the active sites the grafting of a reactive monomer, usually containing acrylic or vinyl insaturation [4] can take place. The process described is very fast and the irradiation time can be rather short (few minutes) so that damage to the substrate polymer due to excessive degradation is avoided, while high treatment speed is possible. In addition to the simplicity of the procedure, the equipments are small and their cost is acceptable and lower than for ionizing irradiation.
Earlier studies concerning photo-induced grafting onto cellulose have already shown its feasibility [5] . However most of them deals with cotton, jute grafted with acrylic acid, methyl methacrylate, 2-hydroxyethyl methacrylate or other acrylic monomers [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . Other studies describe the use of difunctional acrylates in order to enhance the mechanical properties of cotton [18] or for water repellent finishing [19] . Similar structures were also used for paper conservation purposes [20, 21] . To our knowledge, few or no studies were performed onto UV-grafting of wood fibres for paper production with the aim to impart hydrophobicity and enhancing the mechanical and thermal properties of paper. Therefore in this work, we used Whatman filters and bleached Kraft fibres (softwood) refined and moulded as handsheets. The reactive molecule to be photo-grafted is a vinyl oligomer belonging to the family of organopolysilazane [22] , having chemical structure .
Having the backbone made of silicon and nitrogen, the organopolysilazanes are appreciated for the thermal resistance and the good mechanical resistance once cured upon exposure to heat or UV light. In fact they commonly find applications as corrosion resistant coatings and oxidation resistant coatings; they are also designed as precursor for CMCs (Ceramic Matrix Composites) and MMCs (Metal Matrix Composites) applications, as at elevated temperatures they convert to silicon carbide or silicon nitride. The vinyl oligomer shown above was selected for this work, having reactive double bonds and being soluble in most aprotic solvents both polar and apolar: we thought it interesting to use it as a grafting agent for cellulose aiming to improve the thermal and mechanical properties of this material.
Results and discussion
The surface grafting of cellulose was performed by a photochemical method, described in the literature [23, 24] . A hydrogen abstraction-type photoinitiator (e.g., Norrish type II) such as benzophenone after being excited by the UV radiation forms radicals and abstracts hydrogen atoms from the cellulosic substrate creating macroradicals ( Figure 1a ). When a reactive molecule M is present, polymerization processes take place, leading to the formation of free polymers (which can be extracted) and chains grafted onto the substrate i.e. having covalent links with the substrate, as sketched in Figure 1b . When a multifunctional oligomer is employed, it can also crosslink, as depicted in Figure 1c . Formation of covalent links with the substrate (as shown in Figure 1c ) was demonstrated in a previous work where a difunctional acrylic oligomer was employed and permanent adhesion between the acrylic network and the substrate was assessed [25] .
The surface grafting onto the cellulose filters was performed in liquid phase according to the experimental procedure described in the experimental section, varying the oligomer concentration, the photoinitiator content and the irradiation time. SEM images of an untreated filter and a treated one are compared in Figure 2 : the treated sample show the same texture of the reference and the porosity is substantially unaffected; moreover the fibers appear clearly and individually. Therefore we think that grafting took place and can exclude the presence of a continous crosslinked polysilazane film just adsorbed onto the material.
The modification was also assessed by thermal gravimetric analyses performed on the samples (filter papers and handsheets) after extraction of the free polymers. The TGA thermograms (in air) of the cellulose and of the sample modified in the presence of the highest amount of oligomer are shown in Figure 3 . The green curve describes the behaviour of the pure cellulose: the first step, from room temperature to 330 °C, represents the volatilization of the volatile matter and/or the evaporation of residual absorbed water. The second step ends at 380 °C and represents the main thermal degradation of the cellulose. The third step indicates the carbonization of the degraded products to ash. The residue, due to ashes, ranged from 0.3% to 0.7%, depending on the type of sample (filter paper or handsheet). The red curve describes the modified sample selected as an example: the photografting was performed using a solution containing 50 g/l of oligomer and 2.5 % of benzophenone, irradiating the sample for 4 minutes after impregnation. The thermogram shows a degradation path similar to the untreated cellulose. The residue is equal to 8%. The percent grafting was estimated as the residue weight over the weight of original cellulose sample and was found to be equal to 8.9%. Using lower concentration of oligomer in the solution where the cellulose was immersed before irradiation, the residue found was lower and the estimated amount of polysilazane grafted onto cellulose was lower, as reported in Table 1 .
Varying the amount of the initiator benzophenone (from 1% up to 4%) or the irradiation time (from 1 to 4 minutes) had a negligible effect on the grafting. The experiments were also repeated on the hand sheets and similar results were obtained.
According to the data of Table 1 , the temperature at which half weight was lost during the thermal gravimetric analysis (T 50 ) seems related to the grafting percentage.
When the oligomer concentration was high assuring a high grafting percentage, an interesting resistance to oxidation was observed compared to the untreated paper. To further investigate that, the samples were examined with a differential scanning calorimeter (DSC), with the aim of determining the time requested to induce oxidation. This parameter is well known in the field of polyolefins characterization and is called Oxydation Induction Time (OIT). At a fixed temperature, oxygen is introduced into the DSC sample holder: as the polymer oxidation is an exothermic phenomenon, the onset time of a heat flow is recorded as the OIT of the sample. The larger the OIT value, the better the resistance of the polymer. The DSC calorimetric curves obtained for the cellulose samples under investigation are reported in Figure 4 . The green curve describing the behaviour of the untreated cellulose indicates that introducing oxygen (at t= 1000 s), the onset of a heat flux takes place quite immediately, meaning that an exothermic reaction, the oxidation, is started. On the contrary for the modified samples the onset time for the exothermic oxidation is difficult to detect. The linear best fitting of the experimental curves gives angular coefficient equal to 10 -5 and 10 -6 (blue and red curve respectively), indicating a very slow degradation kinetics. Therefore the tests indicate the positive effect of the grafted polysilazane in inhibiting the oxidation.
The results of the mechanical characterization of some treated samples are shown in Table 2 and compared to unmodified cellulose (hand sheets). Differential mechanical test were performed, namely the Zero-Span Test and the Mullen Test. The zero-span tensile test measures the tensile strength at the moment of tensile failure of fibers randomly oriented in a sheet. One important use of these data is to determine the maximum strength of pulp fibers, in other words it is a measure of the maximum strength of a pulp. The Mullen Burst Test, which has been the industry benchmark for measuring the burst strength of paper and paperboard, describes the internal cohesion of paper. It is defined as the hydrostatic pressure necessary to cause rupture in a circular area of a given paper and is relied upon to measure the material's physical strength and fiber bond.
The data of Table 2 show that the tensile mechanical properties are increased after functionalization of the cellulose. When the grafting percentage is very high, also the resistance to pressure (Mullen test) is enhanced. As said before this is related to a better internal cohesion of the material: it is likely to be due to crosslinking of the fibers by means of polysilazane. In fact as the polysilazane chosen for the present work is a multifunctional oligomer, during the grafting procedure it can also undergo crosslinking, as remarked previously. The modified paper shows also interesting surface properties, in particular a high hydrophobicity. Contact angle measurements were performed: while the paper immediately absorbs water, the modified samples show a very high contact angle, as reported in Table 3 . The values are always higher than 90° even for the samples modified with the lowest oligomer concentration: strong water repellency is therefore achieved through the photo induced treatment proposed.
Tab. 2. Results of
It is important to report that the contact angle values were found constant over a time of observation of 20 minutes; also the volume of the water droplet did not change, meaning that there was no water penetration.
The treatment with the polysilazane has also a positive effect on the oil repellency of the surface. By the Kit Test method, it was evaluated in terms of resistance of the paper to the penetration of the oil contained in hydrocarbon or in hydrocarbon mixtures having a progressively decreasing surface tension. The untreated paper is characterized by an oil kit test value of zero: it means that it is easily stained by any oily substance as everyone can notice in daily life. The modified materials show a much better resistance to staining and in the oil kit test their score is 9. This can be considered an interesting improvement of the paper quality.
Experimental part
Whatman filters (100% cellulose) and hand sheets prepared with bleached Kraft fibres (softwood) refined at 35°SR were used as substrate. The photoiniator was benzophenone (Aldrich); the oligomer used was the organopolysilazane shown in the introduction, whose trade name is Kion Ceraset Polysilazane VL20 and was kindly given by Clariant France.
The UV-induced modification of the filters and hand sheets was performed through different steps, as sketched in Scheme 1. The cellulosic substrate (paper sample) was dipped into an acetone solution containing a fixed concentration of the oligomer and photo-initiator (impregnation time = 90 s). Then, the sample was irradiated under nitrogen with a medium pressure Hg lamp, having a light intensity of 25 mW/cm 2 at the sample level. The sample was then solvent extracted with a Soxhlet apparatus and subsequently analysed. Grafting was carried out by varying the photoinitiator concentration (2.5-4% w/w), the monomer concentration (1 to 50 g/l) and the irradiation time (1 to 4 min.).
Thermogravimetric analysis (TGA) was performed in air using a TGA/SDTA 851 Mettler instrument, the, heating rate was 15 °C/min. A differential scanning calorimeter Mettler DSC 30 was employed for determining the OIT parameter according to this procedure: the specimen was loaded at ambient temperature, then heated at 20 °C/min up to 50 °C in N 2 , kept at this temperature for 3', heated to the isothermal test temperature of 250 °C in inert nitrogen (heating rate 10 °C/min), held at this test temperature for 5'; the purge gas was then switched from nitrogen to oxygen at 50 mL/min and the elapsed time clock was set to zero. The oil repellency was estimated by a test standard method for paper (according to the TAPPI T559 method).
Conclusions
UV-induced grafting of cellulose is a viable strategy for its modification and could be easily applied also in the papermaking process. Paper properties can be tailored according to the monomers selected. This study showed that using a polysylazane one can modify the surface properties of the paper making it hydrophobic; moreover. grafting leads to much more resistant network and enhance the thermal resistance of the material.
